Abstract
Introduction
G-protein coupled receptors (GPCRs) form one of the largest protein families and consist of seven transmembrane (TM) helices. GPCRs play a key role in cellular signal transduction and represent one of the most important proteins in the pharmaceutical industry [1] , as they are targets of more than half (52%) of currently known drugs [2] . Upon activation by an extracellular ligand, GPCRs undergo coupling with G-proteins. G-proteins are classified into three major families, G s , G i/o and G q/11 , based on their  subunit [3] ; G s and G i/o stimulate and inhibit, respectively, adenylate cyclase [4] [5] , while G q/11 stimulates phospholipase C. Each family has a specific influence on the cell. Therefore, the mechanisms of specific binding between GPCRs and G-proteins are important in understanding signal transduction. The purpose of this work is to study (1) which physical properties of GPCRs are responsible for specific binding to G-proteins, and (2) the development of an accurate system for classifying GPCRs based on physicochemical parameters.
In this article, we refer to the receptors coupled with G s , G i/o and G q/11 as R s , R i/o and R q/11 , respectively. The classification of GPCRs by homology analysis is difficult because the function-structure relationship is unclear. For example, some homologous GPCR pairs with the same ligands bind to different types of G-protein; some pairs bind to the same type of G-protein bind to different ligands; and some GPCR pairs bind to both the same ligand and the same G-protein, despite showing sequence similarities of less than 25% [6] . Therefore, discriminating each GPCR family based on physicochemical properties is necessary in order to clarify the reasons for differences in GPCR families.
With regard to discrimination method, the use of support vector machines is one of the most popular statistical methods for this purpose due to higher accuracy [7] [8], and has attracted much attention after its state-of-art performances and the GRIFFIN [9] , which implemented this method quite successfully. On the other hand, principal component analysis (PCA) is a simpler method and has been widely used in statistical data analysis. Furthermore, the results of PCA can be easily explained based on the contributions of various parameters to the principal component of discrimination. In this study, we applied PCA to the problem of the classifying GPCR families, and attempted to explain the mechanisms of specific coupling between GPCRs and G proteins
The same approach was previously applied to the problem of discriminating G-proteins, and we found that the hydropathy and charge density of the amino-and carboxyl-terminal segments are essential for the binding specificity of G-proteins [10] . Because the complementary nature of the two proteins results in complex formation, we considered that the classification of GPCRs is possible by analyzing the same properties at the binding regions.
In this work, we applied the physical fingerprint method to the problem of classifying GPCRs by G-protein family, based on hydrophobicity, charge density, lysine and arginine densities, and loop length. We obtained good predictors that were able to classify GPCRs into three families; R s , R i/o and R q/11 . The results showed that the physical fingerprint method is applicable to the problem of classifying G-protein-coupled receptors. PRED-COUPLE dataset [11] of amino acid sequences of GPCRs were used for the training and testing. Table 1 shows the number of receptors that couple with different families of G-protein.
Method

"Physical fingerprint" method for classification of protein
In the "physical fingerprint" method, the average values for amino acid indices, which have well-defined physicochemical meanings, were calculated for intracellular and extracellular loops, and TM domains, and the average values were used for discrimination analysis. To calculate these parameters, the boundaries of the transmembrane helix and loop regions of GPCR sequences were determined by the SOSUI membrane protein prediction system. [12] To select the regions for analysis, we first observed the structure of rhodopsin (PDB ID: 1HZX) as shown in Figures 1A and 1B. The seven TM helices are connected by alternating extracellular and cytoplasmic loops. The loops that are thought to directly contact the G-protein are indicated in green, blue and cyan in Figures 1A and 1B . The NTL, EL1 and N/C of EL2 in the extracellular domain and IL1, IL2 and N/C of IL3 in the cytoplasmic domain, as well as the cytoplasmic termini of helices, except for the helix connected to the C-terminus loop, were used for classification of GPCRs by G-protein type. The focus regions for analysis are marked in red, as shown in Figure 1C .
The physicochemical properties used for the analysis were the hydrophobicity index, charge density, lysine and arginine densities, and loop length. Loops, as well as physical properties, were selected after extensive discrimination analyses and we finally omitted the C-terminal segment (CTL) from analysis. The CTLs of GPCRs showed marked variety in length and physical properties, even within the same GPCR family. Therefore, we hypothesized that these segments are not suitable for classification of GPCR families.
The parameters and equations for analysis were as described previously [10] [13] . The average hydrophobicity index and average charge density were calculated using the following equations. 
where, X 1 X 2, X 3 and X 4 indicate the hydrophobicity index, electric charge, and lysine and arginine densities, respectively. The Kyte and Doolittle index was used for the hydrophobicity index of amino acids [14] . Average values ( ) j X i were further averaged for the selected regions. 
When two families were discriminated, the sequences in one family are assumed to be the positive data and the sequences in the other were assumed to be negative data. We calculated the weighted deviation DX j , in which the difference is weighted by the average difference between the positive and negative data as follows: respectively. Finally, the discrimination score between the positive and negative data were calculated by discrimination analysis, leading to the following discrimination function,
Result
For analysis of GPCR families by the physical fingerprint approach, we first calculated the moving average of hydrophobicity < H >, charge density < C > lysine density < K >, and arginine density < R > using equation (1) and (2) . The double averages of each selected region were then calculated for the R s , R i/o and R q/11 classes. Comparison of these parameters and loop length between each class is shown in Figure 2 . The difference in the profiles among families is subtle, but certainly observable. For example, several properties in the first and second internal loops, as well as both ends of third internal loops, showed significant differences. The properties of external loops were generally similar among the three families, and are consistent with the fact that binding with the G-protein occurs on the internal side. However, the contribution of external loops to the discrimination was not negligible, and the properties of these regions were also used. Analysis of differences in the profiles of the physicochemical parameters enabled calculation of scores for discrimination between families: R s vs. R i/o ; R s vs. R q/11 ; and R i/o vs. R q/11.
The three-step process of discrimination of the three GPCR families (R s , R i/o and R q/11 ) is shown in Figure 3 . First, we discriminated between R s and R i/o . As shown in Figure 3A , these GPCRs could be discriminated very clearly. Proteins belonging to R q/11 were not discriminated well in this step; therefore, the data for R q/11 were divided into two parts; low-and high-score data from the threshold are represented by R q/11a and R q/11b , respectively. These GPCRs were discriminated in the next two steps: R s vs. R q/11 ( Figure 3B ) and R i/o vs. R q/11 ( Figure 3C ). All data were discriminated with high accuracy by a combination of the three discrimination scores. Table 2 shows the results of discrimination of GPCRs using the training dataset and the results of the cross-validation test. The accuracy for R s , R i/o and R q/11 in analysis of the training dataset was 100%, 99.1% and 100%, respectively. The average accuracy for R s , R i/o , and R q/11 in 1000 rounds of five-fold cross-validation was 92.1%, 93.8% and 85.2%, respectively. The first step (A) represents the discrimination between R s and R i/o . All data for R s are discriminated against R i/o . However, R q/11 scattered in both regions. Therefore, in the second step (B) R s and R q/11 a were discriminated. The final step (C) represents the discrimination between R i/o and R q/11 b. R i/o could be discriminated against R q/11 b. Combining three steps, all three families of GPCR could be classified. Table 2 . Results of classification of three GPCR families using training data.
Classification of GPCRs by G-protein type based on physical fingerprint analysis. The accuracy of training set was percentage that correctly predicted. The accuracy of cross validation was average accuracy among 1000 round of 5-fold cross validations. 
Predicted class
G s G i/o G q/11
Discussion
Upon activation by extracellular ligands, GPCR coupling with heterotrimeric G-protein leads to a physiological response. Therefore, classifying GPCRs by G-protein type using amino acid sequence data is one of the most important problems in bioinformatics. In this work, we analyzed the IL1, IL2 and N/C terminus of IL3 of the cytoplasmic domain, which directly contacts G-proteins. Several mutational analyses have suggested the importance of these regions [3] for determining coupling specificity.
We also used analysis of the cytoplasmic terminus of TM near the IL1, IL2 and IL3 domains, as well as the NTL, EL1 and N/C terminus of the extracellular domain for accurate discrimination of the three types of GPCR. However, these regions do not directly contact the G-protein, and there is no experimental evidence regarding their influence on the binding specificity of GPCRs and G-proteins; nonetheless, these regions may have some indirect role. Loop length was also used for classification of GPCRs. We found that there is a difference in loop length among GPCR families. It is difficult to classify GPCRs by G-protein type, as the binding specificity is not closely linked to sequence similarity. Therefore, we applied the "physical fingerprint" method, which is applicable to classifying G-protein families. IL1, IL2, CIL3, NIL3, CHIL1, CHIL2, CHIL3 and NHIL3 in the cytoplasmic domain, and NTL, EL1, CEL2 and NEL2 in the extracellular domain were analyzed. Loop length, IL1, IL1, IL3, CTL NTL, EL1, EL2 and EL3 were used in the analysis.
The differences in physical properties of the binding regions among the three GPCR classes are subtle but significant, thus allowing accurate classification of GPCRs by G-protein binding specificity. The accuracy of the cross-validation test was better than 90%.
We previously classified G-proteins, the counterparts of GPCRs, by hydropathy and charge density of amino acid sequences alone [10] . In the current work, we used these parameters, as well as lysine density and arginine density, and were able to classify GPCRs leading to the conclusion that the physical properties are complimentary at the binding sites of GPCRs and G-proteins. For example, there is more charge in the G s family than in the other G-protein families. In the current profiles, the positive charge in the R s family was less than in the other families of GPCR (R i/o and R q/11 ). We also found complementary profiles for hydropathy when compared with previous profiles [10] . In the future, we plan to classify the sub-families of GPCRs by G-protein type.
